Therefore, to fully exploit scCO2 in these new technologies, it is important to understand how scCO2 interacts with materials and to investigate the ways in which materials can be plasticized in scCO2. Thus, many studies on the kinetics of CO2 sorption into polymers and the structural changes in polymers induced by scCO2 sorption have been reported !4" . The addition of cosolvents to the scCO2 system, which enhances specific properties of scCO2, has also been examined. It has been reported that the solvent property of scCO2 is radically changed by the addition of a small amount of polar cosolvent as a modifier !5-8" .
Poly(ethylene terephthalate) (PET) is industrially one of the most important candidates for scCO2 processing. Therefore, the changes in the mechanical and physical properties of this polymer induced by scCO2 treatment have already been reported!8-14" . According to these reports, PET swells by absorbing CO2 molecules and is then plasticized in scCO2 ; this results in a Abstract : In order to investigate the structural changes in PET yarn induced by scCO2 treatment and the effect of the additive 1-BuOH on these structural changes, WAXD measurements, DSC analysis and FT-Raman spectroscopy analysis were performed for undrawn PET gut yarn treated with pure scCO2 (120 , 25 MPa) or scCO2/1-BuOH (120 , 25 MPa/5.0 mol%). The PET yarn treated with pure scCO2 had a semi-crystalline structure with small and imperfect crystallites and oriented amorphous supermolecular segments. The yarn treated with scCO2/1-BuOH showed higher crystallinity and lower distribution of extended chains, such as oriented supermolecular segments, in the amorphous region than the yarn treated with pure scCO2. Based on these results, we hypothesized on the process of structural change in scCO2 and in scCO2/1-BuOH. We found that the addition of 1-BuOH to scCO2 brings about a significant change in the structure of the PET gut yarn immersed in scCO2. reduction of the glass transition temperature and the promotion of crystallization of the PET fiber, among other things. We also have studied the interaction between scCO2 and PET, and the effects on the interaction of the addition of some modifiers such as alcohols to the scCO2/PET system. We have reported that the addition of a modifier to the scCO2/PET system enhances the interaction between scCO2 and PET, leading to an increase in the degree of swelling of the PET fiber induced by scCO2 !8" . However, reports on the effects of additive cosolvents on the structural changes in PET immersed in scCO2 are still rare.
In this study, we investigated the effects of a cosolvent, 1-BuOH, as a modifier of scCO2 on the structural changes in PET induced by scCO2 absorption. PET was immersed in scCO2 under several conditions, and the structural changes were examined using wideangle X-ray diffraction measurements (WAXD), differential scanning calorimetry (DSC), and Fourier transformation (FT)-Raman scattering analysis.
Experimental

Materials
PET fibers were used to investigate the effects of a cosolvent as a modifier of scCO2 on the structural changes in PET induced by immersion in scCO2. Undrawn gut yarns with a diameter of 2.05 mm and containing titanium dioxide were supplied by Toray Industries, Inc. The carbon-dioxide gas used in all of the experiments was purchased from the Uno Sanso Co., Ltd. (99.5% purity). 1 -Butanol (1-BuOH) was used for modifying the solvent property of scCO2 ; it was a guaranteed-grade reagent from Nacalai Tesque, Inc.
Methods 2.2.1 scCO2 treatment
The apparatus used for the scCO2 treatment of PET yarn has been described elsewhere !8" . With this apparatus, PET yarn was treated under the desired scCO2 temperature and pressure with a cosolvent as a modifier at a given ratio to CO2. In all experiments, gut yarn, 2.05 mm in diameter and about 40 mm in length, was suspended in the sample holder of the high-pressure vessel. The length and diameter of the gut yarn were measured to a precision within 0.05 mm with a caliper square. The system was evacuated with a vacuum blower. After the evacuation, the vessel was heated to the measurement temperature. Carbon dioxide was then introduced, and the desired pressure was maintained. Whenever a modifier was to be added to the system, the organic solvent was injected into the vessel after the introduction of carbon dioxide. In case the pressure in the vessel decreased slightly due to the amalgamation of CO2 and the organic solvent, both CO2 and the organic solvent were newly injected into the vessel at the given ratio, in order to ensure a constant pressure inside the vessel. The beginning of the scCO2 treatment (t=0) was defined as the moment when the introduction of carbon dioxide into the vessel started. The PET yarns were treated under each condition for 27.8 h. This treatment time was selected because it is considered to be sufficient for bringing about changes in the structure of PET immersed in scCO2, according to previous investigations of the swelling behavior of PET in scCO2 !8" . After the scCO2 treatment, the system was slowly decompressed to one atmosphere to prevent foaming of the yarn.
Structural analysis
In order to investigate the structural changes in the PET samples exposed to scCO2, WAXD, thermal analysis, and FT-Raman scattering analysis were performed before and after the scCO2 treatment. The WAXD measurements and the FT-Raman scattering analysis were entrusted to the Toyobo Research Center Co., Ltd. The WAXD measurements were done with a Cu-Kα source at 40 kV and 200 mA. The DSC evaluations were carried out on a DSC-20 from Seiko Instruments & Electronics, Inc.
(equipped with a thermal controller, SSC/580, also from Seiko Instruments & Electronics, Inc.). The DSC measurements were performed at a constant heating rate of 10 /min within the temperature range of 30 to 300 .
Results and discussion
In each experiment, the structural changes in the PET yarn before and after the treatment in pure scCO2 or in scCO2/modifier at 120 and 25 MPa were examined. This treatment condition of 120 and 25 MPa was selected as one of the most common conditions used in the scCO2-dyeing of PET textiles!15" . 1-BuOH was selected as a modifier of the solvent property of scCO2, because the addition of 1-BuOH to the scCO2/PET system enhances the interaction between scCO2 and PET significantly!8" . Whenever a modifier was added to scCO2, the content of the modifier added to scCO2 was treated as the mole fraction of an additive solvent in a binary fluid. 5 mol% of 1-BuOH was added to scCO2.
Structure of the PET gut yarn treated with scCO2 or scCO2/1-BuOH
The WAXD patterns are shown in Figure 1 yarn untreated or treated with pure scCO2 or scCO2/1-BuOH, respectively. The WAXD pattern of the untreated gut yarn showed only a halo pattern derived from the amorphous phase of the polymer without diffraction peaks, which indicates that the yarn had very low crystallinity. On the other hand, the WAXD pattern of the gut yarn treated in scCO2 or scCO2/1-BuOH showed diffraction peaks derived from the crystalline region of the polymer, which indicates the formation of crystallites in the yarn induced by the immersion in scCO2 or scCO2/ 1-BuOH. The diffraction peaks in the pattern of the yarn immersed in scCO2/1-BuOH were shaper than the ones for the yarn immersed in scCO2. Therefore, we suggest that the yarn treated with scCO2/1-BuOH has a higher crystallinity than that treated with scCO2. Next, DSC analyses were performed for the PET gut yarns untreated or treated with scCO2 or scCO2/1-BuOH. The results are shown in Figure 2 . In the DSC thermogram of the scCO2-treated sample, a second melting endothermic peak appeared near 170 , which was a relatively low temperature compared to the crystalline melting temperature of PET, but the exothermic peak associated with thermal crystallization, observed near 125 in the thermogram of the untreated sample, disappeared. This second endothermic peak is associated with the melting of small and imperfect crystallites!10" . It has been reported that imperfect crystallites are formed during yarn conditioning with CO2, and that these crystallites grow to crystalline size and further into fully grown crystals with increasing treatment times!8,10" .
On the other hand, in the DSC thermogram of the endothermic peak, observed near 170 in the thermogram of the sample immersed in pure scCO2 shown in the curve (B) of Figure 2 , was not clearly detected, as shown in the curve (C) of Figure 2 . These Raman Intensity results indicate that there are almost no small and imperfect crystallites in the yarn treated with scCO2/1-BuOH. The sample treated with scCO2/1-BuOH showed its first melting endothermic peak of 50.1 J/g associated with crystalline melting at 258.5 , and it was higher both in peak area and in peak temperature than the crystalline melting peak of 40.2 J/g at 256.0 for the sample treated in pure scCO2. The results of the DSC analyses also indicate that the yarn treated in scCO2/1-BuOH had a higher crystallinity than that treated in scCO2. Finally, FT-Raman spectroscopy analyses were performed for the PET gut yarns untreated or treated with scCO2 or scCO2/1-BuOH. The FT-Raman spectrum of the sample treated with pure scCO2 is shown in Figure 3 . In the Raman spectrum of the PET sample, the 1096 cm 1 band is a combination of the stretching vibrations of the ester, glycol, and ring units during the transconfiguration of the PET chain, which increases in intensity with increasing crystallinity!11,16" . However, this band did not allow us to distinguish between extended chains found in the amorphous domains and those found in the form of an extended crystalline lattice!11" . In order to assess the 1096 cm 1 band among different samples, it was necessary to normalize its intensity with respect to a band unaffected by crystallinity. The band at 795 cm 1 was selected for the normalization, as it was known to be insensitive to both conformation and crystallinity!17,18" . On the other hand, the 1725 cm 1 band is associated with the band derived from the carbonyl groups during the transconfiguration of the PET chain, and narrows to halfwidth with increasing crystallinity!11,16" . This band does not narrow as a result of structural changes in the amorphous domains!11" . The bands at 1725 cm 1 were for the samples treated in scCO2 and scCO2/1-BuOH, respectively. The half-width of this band for a highly amorphous PET sample is 27 cm 1 ; it can be as small as 12 cm 1 and its shape is symmetrical for highly crystalline PET samples!11,16,19" . The narrow band shows that the orientation distribution of the carbonyl groups with respect to the plane of the benzene ring was reduced as a result of the crystallization induced by the treatment with scCO2 or scCO2/1-BuOH. It is also apparent that the yarn immersed in scCO2/1-BuOH had a higher crystallinity than that treated in scCO2, as the narrower band of the yarn treated in scCO2/1-BuOH confirms. The peak area at the 1096 cm 1 band was increased by the treatment in scCO2 or scCO2/1-BuOH, as shown in Figure 5 . Also, the normalized intensity of the band at 1096 cm 1 for the untreated sample was 1.8, and 3.3 and 3.2 were for the samples treated in scCO2 or scCO2/1-BuOH, respectively. The normalized intensities were defined as a peak area of a 1096 cm 1 band divided by a peak area of a 795 cm 1 band to be insensitive to both conformation and crystallinity. Peak areas of these bands were obtained on the basis of the Kazarian's method for an evaluation of the PET samples crystallized in the present of CO2 !11" . The increasing band shows that the distribution of the extended chains in the whole polymer (the amorphous region and the crystalline region combined) was increased significantly by the treatment with scCO2 or scCO2/1-BuOH. It is also apparent that the yarn treated in scCO2 had a slightly higher distribution of extended chains than that treated in scCO2/1-BuOH, as the little higher intensity of its band confirms. However, the yarn treated in scCO2/1-BuOH showed a higher crystallinity than that treated in scCO2, as can be seen from its narrower band at 1725 cm 1 and the results of the WAXD measurements and DSC analyses. The change in the intensity of 1096 cm 1 band corresponding to crystallinity is more sensitive than the small one in the band width of 1725 cm 1 band !11" . Therefore, we believe that the sample treated in pure scCO2 had a higher distribution of extended chains in the amorphous domains than that treated in scCO2/1-BuOH, because the sample treated with scCO2 had a higher distribution of extended chains in the whole polymer, although its crystallinity was lower than that of the sample treated with scCO2/1-BuOH.
The results of DSC analysis confirm that small and imperfect crystallites which melt at ca. 170 existed in the sample treated with pure scCO2, whereas such crystallites were not clearly detected in the sample treated with scCO2/1-BuOH. The sample treated with pure scCO2 probably contained oriented amorphous (or semiamorphous) supermolecular segments, including domains of small and imperfect crystallites.
Mechanism of structural change in PET induced by scCO2 or scCO2 / 1-BuOH treatment
The results so far indicate the following regarding the structure of the PET gut yarn. The PET yarn treated with pure scCO2 acquired a semi-crystalline structure with small and imperfect crystallites and oriented amorphous supermolecular segments, as a result of scCO2-induced crystallization. On the other hand, the yarn treated with scCO2/1-BuOH had a higher crystallinity and a lower distribution of extended chains, such as oriented supermolecular segments, in the amorphous region than the yarn treated with pure scCO2.
In our previous study, we have discovered that the addition of 1-BuOH of 5.0mol% to scCO2 led to an increase in the swelling of PET in scCO2 at 120 , 25 MPa!8" . The increase in the swelling of PET in scCO2, namely, the increase in the amount of CO2 absorbed into the PET, will result in the enhanced mobility of the polymer chains. Based on the difference in the PET swelling behavior between treatment in pure scCO2 and treatment in scCO2/1-BuOH, we have also suggested that the PET crystallization process is induced by scCO2 or scCO2/1-BuOH under the same conditions as the one in this study!8" . In pure scCO2, PET crystallization is promoted, and small and imperfect crystallites are formed and grow in the PET yarn. However, when 1-BuOH is added to the scCO2/PET system, the PET crystallization process, during which small and imperfect crystallites form and grow, is not promoted, and crystallization is induced during CO2 desorption instead.
Based on the results of the previous study and this study, we hypothesized on the mechanism of structural change in PET yarn induced by the treatment with scCO2 or scCO2/1-BuOH.
In pure scCO2, the PET yarn swells by absorbing CO2 molecules and is then plasticized in scCO2 ; this results in the enhanced mobility of the PET polymer chains in the amorphous region and the promotion of crystallization. In the crystallization process, although the polymer chains tend to form a more stable configuration, a part of polymer chains crystallizing in the amorphous region are transformed into small and imperfect crystallites and oriented supermolecular segments, because the mobility of those polymer chains is not sufficient to enable further growth into mature crystallites. Therefore, PET yarn treated with pure scCO2 has a semicrystalline structure with small and imperfect crystallites and oriented amorphous supermolecular segments.
On the other hand, when immersed in scCO2/1-BuOH, the PET yarn absorbs more CO2 molecules ; this results in a stronger enhancement of the mobility of the PET polymer chains in the amorphous region, as compared to PET in pure scCO2. The enhanced mobility of the polymer chains is too high to allow the formation of small and imperfect crystallites : the effective temperature for the region of small and imperfect crystallites in the PET yarn is brought above the melting temperature of small and imperfect crystallites, and the polymer chains keep their high mobility. Then, the PET yarn crystallizes by settling into a stable configuration as the mobility of polymer chains gradually decreases during CO2 desorption from the yarn. Thus, some parts of the amorphous region, including the region which grows into small and imperfect crystallites or oriented supermolecular segments in scCO2, grow into mature crystals in scCO2/1-BuOH due to the crystallization from the state of higher mobility of polymer chains than in pure scCO2. Therefore, yarn treated in scCO2/1-BuOH has a higher crystallinity and a lower distribution of extended chains, such as oriented supermolecular segments, in the amorphous region than yarn treated in pure scCO2.
Conclusion
In this study, we investigated the structural changes in PET yarn induced by scCO2 treatment and the effect of the additive 1-BuOH on those structural changes, using WAXD measurements, DSC analyses, and FT-Raman spectroscopy analysis of PET gut yarn untreated or treated with pure scCO2 (120 , 25 MPa) or scCO2/1-BuOH (120 , 25 MPa, 5.0 mol%).
The PET yarn treated with pure scCO2 had a semicrystalline structure, with small and imperfect crystallites and oriented amorphous supermolecular segments. On the other hand, the yarn treated with scCO2/1-BuOH had a higher crystallinity and a lower distribution of extended chains, such as oriented supermolecular segments, in the amorphous region than the yarn treated in pure scCO2. The observation results of our investigation of the structure of PET yarn immersed in scCO2 or scCO2/1-BuOH suggest a specific mechanism of structural change.
The addition of 1-BuOH to scCO2 brings about a significant change in the structure of PET gut yarn immersed in scCO2.
